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We have inserted heterologous genetic material into the nonessential gene 4 of the coronavirus mouse
hepatitis virus (MHV) in order to test the applicability of targeted RNA recombination for site-directed
mutagenesis of the MHV genome upstream of the nucleocapsid (N) gene and to develop further genetic tools
for site-directed mutagenesis of structural genes other than N. Initially, a 19-nucleotide tag was inserted into
the start of gene 4a of MHV strain A59 with the N gene deletion mutant Alb4 as the recipient virus. In further
work, the entire gene for the green fluorescent protein (GFP) was inserted in place of gene 4, creating the
currently largest known RNA virus. The expression of GFP was demonstrated by Western blot analysis of
infected cell lysates; however, the level of GFP expression was not sufficient to allow detection of fluorescence
of viral plaques. Northern blot analysis of transcripts of GFP recombinants showed the expected alteration of
the pattern of the nested MHV subgenomic mRNAs. Surprisingly, though, GFP recombinants also produced
an RNA species that was the same size as wild-type mRNA4. Analysis of the 5* end of this species revealed that
it was actually a collection of mRNAs originating from 10 different genomic fusion sites, none possessing a
canonical intergenic sequence. The finding of these aberrant mRNAs suggests that long-range RNA or the
ribonucleoprotein structure of the MHV genome can sometimes be the sole determinant of the site of initiation
of transcription.

Coronaviruses are a family of enveloped viruses of medical
and veterinary importance, causing disease in humans, live-
stock, and fowl (50). The most intensively studied member of
this virus family is mouse hepatitis virus (MHV), which, among
other distinctive features, has the largest known genome of any
RNA virus. This 31.3-kb single-stranded, positive-sense RNA
genome contains 10 open reading frames (ORFs) (21, 50), the
products of which, depending on the strain of MHV, include
five or six structural proteins: the spike or surface glycoprotein
(S), the hemagglutinin-esterase glycoprotein (HE), the mem-
brane glycoprotein (M), the envelope or small membrane pro-
tein (E), the nucleocapsid protein (N), and the product of the
internal ORF of the N gene (I). The structural protein genes
are clustered in the 39 third of the genome, whereas the 59
two-thirds of the genome is occupied by a single gene encoding
a huge polyprotein (ns1) comprising viral polymerase, pro-
teases, and associated nonstructural proteins. Three other non-
structural proteins of unknown function (ns2a, ns4, and ns5a)
are encoded by genes interspersed among the structural pro-
tein genes.

The expression of most of the genes of coronaviruses in-
volves an unusual and incompletely understood mechanism of
RNA synthesis generating subgenomic mRNAs. Each of these
mRNAs consists of a short leader RNA identical to the ex-
treme 59 end of the genome, fused upstream of a given ORF,
and containing all genomic sequence distal to the point of
fusion. Transcription thus results in a 39 nested set of mRNAs
(21, 22, 50, 54). The sites of fusion occur at intergenic se-

quences (IGSs) that contain a stretch of sequence identical or
nearly identical to the 39 end of the leader RNA. For MHV,
the core consensus IGS is the 9-nucleotide (nt) motif 59 AAU
CUAAAC 39 (5, 20).

Coronavirus RNA synthesis also results in a high rate of
homologous RNA-RNA recombination, a property that has
been exploited to introduce site-directed mutations into MHV.
Owing to their exceptional size, coronaviruses are currently
beyond the reach of the method of choice for the engineering
of other positive-strand RNA viruses, the transcription of in-
fectious RNA from a cDNA clone of the entire genome. To
circumvent this limitation, targeted RNA recombination has
been carried out between synthetic donor RNAs and recipient
viruses, the latter almost always being thermolabile mutants
that can be counterselected. This technique has been used
successfully to introduce mutations into gene 1 (53), the N
gene (11, 35, 36, 53), which is the most distal of the viral ORFs,
and the 39 untranslated region (39 UTR) (19) of MHV. To
date, the furthest linear reaches of targeted RNA recombina-
tion have been a point mutation constructed by van der Most
et al. in gene 1, 2,297 nt from the 59 end of the genome (53),
and a pair of point mutations that we have engineered in the N
gene, 1,601 nt from the 39 end of the genome (11).

The more general utility of targeted RNA recombination,
especially for the genetic characterization of MHV structural
proteins other than N, will depend upon extending the range of
this method. In addition, a number of genes of MHV, those for
HE, I, ns2a, ns4, and ns5a, have been shown to be nonessential
for MHV replication (11, 25, 46, 55, 57). In principle, any of
these except I (which is embedded within the N gene) could be
used as sites for the introduction of foreign sequences. In this
study we inserted heterologous genetic material into gene 4 of
MHV in order to: (i) test the applicability of targeted RNA
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recombination for site-directed mutagenesis of the MHV ge-
nome upstream of the N gene; (ii) develop further genetic
tools for mutagenesis of structural genes other than N; and (iii)
examine the feasibility of using MHV for the expression of a
foreign gene.

Initially, a small insertion was incorporated into the start of
gene 4, both as a trial of the larger donor RNA vector used and
to provide a sequence tag detectable by hybridization. Subse-
quently, a much larger insertion was made. In place of most of
gene 4, we incorporated the reporter gene encoding the green
fluorescent protein (GFP), thereby increasing the size of the
MHV genome by an additional 0.5 kb. GFP, which contains a
self-generated chromophore that emits green fluorescence
upon irradiation with long-wave UV light, has been utilized in
a variety of experimental systems (9). We were able to dem-
onstrate expression of the incorporated GFP gene but not at
levels sufficient to allow detection of fluorescing recombinant
plaques. A surprising outcome of this study was the finding
of a novel aspect of the mechanism of transcription initia-
tion in MHV. A substantial population of wild-type-size gene
4 mRNAs were produced by GFP gene-containing recombi-
nant viruses independent of the presence of any IGS, suggest-

ing that under certain conditions, transcription initiation can
be mediated completely by long-range RNA interactions.

MATERIALS AND METHODS

Virus and cells. Mouse 17 clone 1 (17Cl1) cells were used for propagation of
all wild-type, mutant, and recombinant virus stocks of MHV strain A59. Plaque
assays and purifications were conducted with mouse L2 cells, which were also
maintained in spinner culture for RNA transfection via electroporation, as pre-
viously described (31).

Plasmid constructs. The parent vector used in this study was pFV1 (Fig. 1),
which was derived through multiple steps from the N gene-containing defective
interfering (DI) vector pB36 (31). The details of the construction of pFV1 will be
described elsewhere. This plasmid encodes a T7 RNA polymerase transcript of
7,929 nt followed by a poly(A) tail of approximately 115 residues. It contains the
same 59 segment of the MHV genome as pB36 (31) fused in frame, through a
54-nt linker, to the start of the S gene ORF. Thereafter, it follows the compo-
sition of the 39 end of the MHV genome from the S gene through the poly(A)
tail. To allow the use of a HindIII site immediately following the poly(A) tail for
linearization of pFV1, a HindIII site near the 59 end of the S ORF (nt 517 to 522)
was eliminated by replacement of AAGCTT with AAATTA. This alteration
created silent changes in the two affected codons (K173 and L174), and it
generated an AseI site at nt 519 to 524. With the exception of this introduced
restriction site polymorphism and the linker region, the remainder of the pFV1
insert reflects the sequence of our laboratory wild-type strain of MHV-A59. This
includes two base differences from previously reported sequences (4, 55): nt 278
of gene 4b was T instead of G, and nt 251 of gene 5a was G instead of C. All other

FIG. 1. Construction of transcription vectors for use as templates in synthesis of MHV DI RNAs used to incorporate heterologous genetic material into gene 4 of
MHV-A59. The parent vector, pFV1, contains a 469-bp segment corresponding to the 59 end of the MHV genome fused, via a 54-bp linker (shaded), to a 7,406-bp
segment equal to the entire 39 end of the MHV genome, beginning with the S gene. The vector pCFS8 contains a 19-bp sequence (hatched box), comprising unique
XbaI and SalI sites, inserted into gene 4 in place of the first 18 bp of ORF 4a. The final construct, pFF56, contains the entire GFP ORF plus flanking sequences (shaded)
inserted into pCFS8 in place of the first two-thirds of gene 4. Restriction sites relevant to the construction of the plasmids, as detailed in Materials and Methods, are
indicated. Regions shown in brackets are gene fragments rather than entire genes.
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base differences between this sequence and sequences reported by other labo-
ratories (three at the 59 end of the genome, two in the S gene, one in the M gene,
three in the N gene, and five in the 39 UTR) have been noted in prior reports (13,
19, 31, 34, 35).

Plasmid pCFS8 (Fig. 1), which is identical to pFV1 except for a 19-bp tag
replacing the first 18 bp of ORF 4a, was derived from mutagenesis of a smaller
pFV1-precursor clone, pB59. The 19-bp tag was created by splicing overlap
extension (SOE)-PCR (16) with oligonucleotides PM233 and PM234 as the
mutagenic primers and SP6 and PM154 as the outside primers (Table 1). The
SOE-PCR product was restricted with StyI and SnaBI and inserted in place of the
corresponding fragment in pB59 to generate pCFS1. The MluI-EcoRV fragment
of pCFS1 was then inserted in place of the corresponding fragment in pFV1 to
generate pCFS8.

Plasmid pFF56 (Fig. 1) was generated in two stages from pCFS8. The wild-
type GFP gene, contained within the KpnI-BamHI fragment of pTU65 (7), was
transferred into the corresponding sites of the polylinker of pGEM7Zf(1) (Pro-
mega) to produce pCK170. The GFP gene-containing XbaI-SmaI fragment of
pCK170 was then used to replace the XbaI-SnaBI fragment of pCFS8 in a
three-way ligation with the downstream SnaBI-HindIII fragment and the large
HindIII-XbaI fragment of pCFS8. The resulting plasmid, pFF56, thus contains
777 bp of heterologous (non-MHV) sequence, including the 717-bp GFP ORF,
replacing the first 217 bp of gene 4. We noted that the stop codon of the GFP
ORF is TAG, not TAA, as previously reported (37).

Recombinant DNA manipulations were carried out by standard methods (40).
The compositions of all constructs were verified by restriction analysis; all cloned
cDNA precursors, PCR-generated regions, and newly created junctions of each
plasmid were verified by DNA sequencing by the method of Sanger et al. (41)
with modified T7 DNA polymerase (Sequenase; U.S. Biochemical). For pFV1,
the DNA sequence of the entire transcript-encoding region was also confirmed
by automated sequencing with an Applied Biosystems model 373A DNA se-
quencer.

Targeted recombination. Incorporation of either the 19-nt tag or the entire
GFP gene into the MHV genome was carried out by targeted RNA recombina-
tion between synthetic donor RNA from HindIII-truncated pCFS8 or pFF56 and
the recipient virus Alb4, a thermolabile N gene deletion mutant (19). Synthetic
capped donor RNAs were produced with a T7 polymerase transcription kit
(Ambion) by following the manufacturer’s protocol. Conditions for electropora-
tion of donor RNA into Alb4-infected L2 spinner cells and plating onto 17Cl1
cell monolayers were essentially as previously described (31). Candidate recom-
binants were selected, either directly or following heat treatment at 40°C for 24 h
(19), as viruses forming wild-type-size plaques at 39°C, the nonpermissive tem-
perature for Alb4. Prior to further analysis, candidate recombinants were plaque
purified at 39°C.

Virus purification, RNA purification, and sequencing of RNA. Purification of
MHV by two cycles of equilibrium centrifugation on potassium tartrate-glycerol
gradients and isolation of viral genomic RNAs were exactly as described previ-
ously (11, 19). A Nonidet P-40–gentle lysis procedure was used for the isolation
of total cytoplasmic RNAs from virus-infected 17Cl1 cell monolayers (19). Direct
sequencing of RNAs was performed by a modified dideoxy termination method
(10, 36).

Northern blot analysis. Samples (10 mg) of total cellular RNAs isolated from
mock-, wild-type-, Alb148-, or Alb151-infected 17Cl1 cells were denatured with
1 M deionized glyoxal and 50% dimethyl sulfoxide in MOPS buffer [40 mM
3-(N-morpholino)propanesulfonic acid (pH 7.0), 10 mM sodium acetate, 2 mM
EDTA] for 1 h at 50°C. Following electrophoresis through 1% agarose in MOPS
buffer, RNA samples were blotted onto a nylon membrane (Zeta Probe GT;
Bio-Rad) per the manufacturer’s instructions and hybridized with random-
primed, [a-32P]dATP-labeled DNA probes (40) specific for the GFP gene or the
MHV N gene. The GFP probe was prepared from a 291-bp RsaI-RsaI fragment
of pTU65 spanning nt 213 to 278 of the GFP ORF. The N probe was prepared
from a 338-bp PCR product of primers DP8 and DP17 (Table 1) on pFV1
corresponding to nt 947 to 1284 of the N ORF. Probes were hybridized for 16 to
18 h at 65°C in 250 mM sodium phosphate (pH 7.2)–7% sodium dodecyl sulfate
(SDS), and blots were then washed twice for 30 min at 65°C in 20 mM sodium
phosphate (pH 7.2)–5% SDS and twice for 30 min at 65°C in 20 mM sodium
phosphate (pH 7.2)–1% SDS. Bound probes were visualized by autoradiography.

Western blot analysis. Confluent 20-cm2 monolayers of 17Cl1 cells were mock
infected or infected with wild-type virus, Alb148, or Alb151 at a multiplicity of 5
PFU/cell. At 16 h postinfection, monolayers were washed twice with phosphate-
buffered saline, lysed with 200 ml of 10 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1
mM EDTA, 0.25% Nonidet P-40, 0.2 mg of phenylmethylsulfonyl fluoride per
ml, and 0.01% sodium azide for 15 min at 4°C, and clarified by centrifugation. A
control sample of [35S]methionine-labeled GFP was produced by in vitro trans-
lation in a rabbit reticulocyte lysate of T3 polymerase transcripts from BamHI-
truncated pTU65 with standard reaction conditions (30). A 15-ml sample of each
cell lysate and 5-ml control samples were separated by SDS-polyacrylamide gel
electrophoresis (PAGE) on 14% polyacrylamide, transferred to a polyvinylidine
membrane (Millipore), and probed with an anti-GFP polyclonal antibody im-
munoglobulin G fraction (Clontech) at a dilution of 1/200 in phosphate-buffered
saline containing 10% Tween 20. Bound antibody was visualized with an en-
hanced-chemiluminescence detection system (Amersham).

Analysis of candidate recombinants and of gene 4-related subgenomic
mRNAs. Total RNA isolated from cells infected with candidate recombinant
viruses, wild-type virus, Alb148, or Alb151 was reverse transcribed under stan-
dard conditions (40) with a random primer, p(dN)6 (Boehringer Mannheim).
For characterization of candidate recombinants, cDNA was amplified by PCR
with the primer pairs indicated below, and products were examined by agarose
gel electrophoresis, in some cases with prior restriction digestion. PCRs were run
for 30 cycles of 1 min at 94°C, 1 min at 45°C, and 2 min at 72°C. For the analysis
of gene 4-related mRNAs in the GFP recombinants, cDNA was PCR amplified
with the leader-specific primer PM143 (Table 1) paired with either a primer
specific to the GFP gene (FF34) or a primer specific to gene 4b (FF35). PCR
products were cloned into the TA cloning vector pCR2.1 (Invitrogen), and the
inserts of multiple clones were sequenced.

RESULTS

Generation of a gene 4a-tagged recombinant virus by tar-
geted RNA recombination. In MHV-A59, gene 4 is disrupted
by an early frameshift generating a very short, 19-amino-acid
ORF, 4a, followed by a longer 106-amino-acid ORF, 4b (55).
The ORF 4a protein is not homologous to the amino terminus
of the product encoded by MHV-JHM gene 4 (51), suggesting
that it cannot even partially fulfill the same function, if any,
possessed by that protein. In another MHV strain, MHV-S,
transcription of mRNA 4 cannot be detected (57). Together,
these observations argue with near certainty that MHV ns4 is
not essential for the replication of MHV and they suggest that
gene 4 is a fortuitous location for the insertion of foreign
sequences into the MHV genome.

In previous work, we have used a synthetic DI RNA, con-
taining a small portion of the 59 end of the genome fused to the
entire N gene and 39 UTR, as the donor for targeted RNA
recombination to map and to construct N gene mutants (31,
36). A slightly enlarged modification of this donor RNA con-
taining half of the adjacent M gene was subsequently employed
to place two point mutations very near the 59 end of the N gene
(11). Our strategy, then, for mutagenesis upstream of the N
gene was to provide donor RNA containing all of the essential
structural genes of MHV. For this purpose, we constructed a
transcription vector, pFV1 (Fig. 1), that served as the template
for synthesis of an 8-kb RNA consisting of the 59 genomic
segment fused to the genes for S, ns4, ns5a, E, M, N, and the
39 UTR. One alteration with respect to the wild-type MHV
A59 sequence was made in pFV1: silent changes were intro-

FIG. 2. Portions of genomic RNA sequences from purified virions of gene
4-tagged recombinants Alb129 and Alb130. The indicated segments of sequence
are given as positive-sense RNA. (A) Sequence of the region where the 19-nt
heterologous tag (solid-line box) was introduced into gene 4. The corresponding
18 nt of the wild-type (wt) virus (dashed-line box) is given to the right of this. (B)
Sequence of the region of the S gene containing a unique HindIII site (box).
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duced into two codons at nt 517 to 522 of the S ORF in order
to eliminate a HindIII site and simultaneously replace it with
an AseI site (see Materials and Methods). It had been previ-
ously demonstrated that the original synthetic donor RNA
(which included only the N gene) was an authentic DI RNA,
i.e., it was replication competent in the presence of helper virus
(31). However, it should be noted that it is not clear, nor is it
relevant to the present work, whether the larger donor RNA
species (from pFV1 and its descendants) are actually DI
RNAs.

To create a marker in gene 4 of MHV, a mutational inser-
tion was generated in pFV1. In the resulting vector, pCFS8, the
first 18 bp of gene 4a were replaced by 19 bp of heterologous
sequence encompassing the diagnostic restriction sites XbaI,
SalI, and AccI (Fig. 1). Donor RNA transcripts from pCFS8
were transfected into cells that had been infected with Alb4, a
temperature-sensitive and thermolabile N gene deletion mu-
tant (19). Following heat treatment to counterselect the recip-
ient virus (19), candidate recombinants were isolated as prog-
eny able to form wild-type-size plaques at the nonpermissive

temperature (39°C). Dot blot hybridization of infected cellular
RNAs from 30 candidates showed that 26 of them had recov-
ered the region that is deleted in the Alb4 mutant and thus had
recombined with donor RNA at least in the N gene. Six of
these were then examined by reverse transcription followed by
PCR (RT-PCR), and restriction digestion analysis of the prod-
ucts showed that five of the six candidates contained the in-
serted tag (data not shown). Final proof of incorporation of the
tag into gene 4 came from direct RNA sequencing of genomic
RNA isolated from purified virions of two independently ob-
tained recombinants, Alb129 and Alb130 (Fig. 2A). We also
sequenced the region of the HindIII site in the S gene and
found that this was still intact in Alb129 and Alb130 (Fig. 2B),
which thus had not received the silent codon changes that had
been incorporated into the donor RNA. The simplest inter-
pretation of these data is that these two recombinants had
been generated by a single crossover event occurring some-
where in the 3.5 kb between the S gene HindIII site and the
start of gene 4. We cannot rule out the possibility of an even
number of additional crossover events, but these would have

FIG. 3. PCR analysis of GFP recombinants. RT-PCR was used to amplify regions of RNA isolated from cells infected with each of eight plaque-purified candidate
recombinant viruses or wild-type (wt) or Alb4 controls. PCR products were analyzed by electrophoresis on 1% agarose stained with ethidium bromide. Sizes of product
fragments (in base pairs) are indicated by arrowheads to the right of each gel; sizes of relevant marker DNA fragments are indicated to the left of each gel. (A) RT-PCR
products obtained with the primer pair PM112 and PM119 (Table 1), which flank the Alb4 deletion region in the N gene. (B) RT-PCR products obtained with primer
pair PM154 and PM156 (Table 1), which flank the site of the GFP gene insertion. The five candidates found to contain the GFP gene were given the designations Alb148
to Alb152. (C) DraI digests of the 1,040-bp RT-PCR products from panel B corresponding to the GFP-containing recombinant viruses and the 480-bp product from
a wild-type control. (D) RT-PCR products obtained with primer pair A59-1 and PM277 (Table 1), which flank the region of the unique HindIII site in the wild-type
MHV S gene (nt 517 to 522 of the S ORF), were analyzed without digestion or following digestion with HindIII or AseI. std, standard markers.
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been undetectable since there were no other sequence differ-
ences between the donor RNA and the recipient virus. These
results showed that an extension of the previously used tar-
geted RNA recombination technique could be applied to a
gene upstream of N and that further disruption of gene 4 had
no observable phenotypic consequence.

Generation of recombinant MHV containing the GFP gene.
We next addressed the possibility of inserting an entire func-
tional gene into the same locus of the MHV genome. This was
accomplished through the incorporation of the GFP reporter
into the 4a-tagged plasmid pCFS8 to produce the vector pFF56
(Fig. 1). In pFF56, the 717-bp GFP ORF, as well as some
flanking sequence, replaced the first two-thirds of wild-type
MHV gene 4. Synthetic donor RNA transcribed from pFF56
was transfected into Alb4-infected cells, and released progeny
virus was harvested. After an initial plaque assay screen at 37°C

failed to detect any green fluorescing plaques under UV light,
we employed our standard selection procedures to identify
MHV potentially harboring the GFP gene. Plaques of progeny
virus, obtained either directly or with prior heat treatment,
were assayed at the temperature that is nonpermissive for the
parental Alb4 mutant. Eight candidate recombinants were thus
isolated as viruses able to form wild-type-size plaques at 39°C,
and these were plaque purified.

RT-PCR analysis was performed with total RNAs purified
from cells individually infected by each of the eight recombi-
nant virus candidates. At first, the region that is absent in the

FIG. 4. Targeted recombination between Alb4 genomic RNA and pFF56 RNA. The locations of the primers and the DraI, HindIII, and AseI sites used in the
analysis in Fig. 3 are shown. The delimited broken line to the left indicates the limits within which a single crossover event could have generated recombinant virus
Alb151. The delimited broken line to the right indicates the limits within which a single crossover event could have generated recombinant viruses Alb148, Alb149,
Alb150, and Alb152.

FIG. 5. Portions of genomic RNA sequence from purified virions of GFP
recombinant Alb148. The indicated segments of sequence, given as positive-
sense RNA, show the limits of the GFP ORF and the junctions between authen-
tic MHV sequence and inserted heterologous sequence.

FIG. 6. Northern blot analysis of RNA synthesized by GFP recombinants.
Total cellular RNA prepared from mock-, wild-type (wt)-, Alb148-, or Alb151-
infected 17Cl1 cells was glyoxal denatured and separated by electrophoresis
through 1% agarose. RNA was transferred to a blot and hybridized with a probe
specific for the MHV N gene (left panel) or a probe specific for the 59 end of the
GFP gene (right panel). Subgenomic mRNAs are indicated by filled arrowheads.
The open arrowheads mark the position of 28S rRNA. The lower portion of the
autoradiogram was overexposed in order to more clearly show the less-abundant
higher-molecular-weight viral mRNAs.
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Alb4 N gene was amplified with a primer pair flanking the
locus of the deletion in that mutant (PM112 and PM119)
(Table 1). In an Alb4 RNA control, this procedure produced a
PCR product of 485 bp, whereas the corresponding product
from wild-type-infected cellular RNA was 572 bp, as has been
observed previously (19). As shown in Fig. 3A, all eight can-
didates produced a wild-type-size PCR product and therefore
had recombined with donor RNA, at least to the extent nec-
essary to repair the Alb4 deletion.

A second RT-PCR amplification of the same set of eight
infected cellular RNA samples was then conducted with a
primer pair flanking the insertion site of the GFP gene (PM154
and PM156) (Table 1). For recombinants containing the GFP
gene insertion, this was expected to produce a fragment of
1,040 bp, while recombinants lacking the GFP gene were ex-
pected to give rise to a wild-type-size fragment of 480 bp. This
analysis showed that five of the eight recombinants, which were
assigned the names Alb148, Alb149, Alb150, Alb151, and
Alb152, contained the inserted GFP gene (Fig. 3B). The PCR
products from these viruses were digested with DraI, which has
a unique site in the amplified region containing the GFP gene
(Fig. 4). As expected, DraI digestion produced two fragments
of 490 and 550 bp for all five GFP recombinants, whereas a
control (480-bp) wild-type fragment produced with the same
primers was not cut by DraI (Fig. 3C).

To determine whether any of the five GFP recombinants
also contained the restriction site polymorphism that had been
introduced into the 59 end of the S gene of the donor RNA,
primers producing a product crossing this region (A59-1 and
PM277) (Table 1) were used in an RT-PCR of infected cellular
RNA. Since in the donor RNA the wild-type S gene HindIII
site had been replaced by an AseI site, portions of the five PCR
products were separately digested with these two enzymes.
Four of the GFP recombinants (Alb148, Alb149, Alb150, and
Alb152) were found to have retained the wild-type HindIII
site. However, the remaining recombinant (Alb151) had lost
the HindIII site and had gained the AseI site (Fig. 3D). The last
result showed that at least two sets of siblings had been isolated
from the same infection-transfection experiment. Assuming
that recombinants were generated by a single crossover, this
crossover must have occurred between the HindIII locus and
the 39 end of the S gene for Alb148, Alb149, Alb150, and
Alb152 (Fig. 4). For Alb151, on the other hand, the putative
crossover could be more precisely localized to within the first
519 nucleotides of the S ORF (Fig. 4). It is noteworthy that
this crossover was at least 6.3 kb upstream of the selected
marker.

To provide final confirmation of the presence of the GFP
gene, for one of the recombinants, Alb148, genomic RNA was
isolated from highly purified virions and the junctions of the
inserted gene were directly sequenced (Fig. 5). This result,
together with that of the RT-PCR analysis, established unam-
biguously that a substantial amount of heterologous RNA
could be incorporated into the genome of MHV without pro-
ducing any obvious deleterious effect on the virus.

Transcription of new subgenomic mRNAs containing the
GFP gene. To analyze whether the introduced GFP gene al-
tered the transcription pattern of MHV subgenomic mRNAs
upon viral replication, Northern blot analysis was performed
(Fig. 6). Total cellular RNAs prepared from mock-, wild-type-,
Alb148-, and Alb151-infected cells were electrophoresed, blot-
ted to a membrane, and hybridized with either an N gene
probe or a probe derived from the 59 end of the GFP gene. The
N gene probe detected subgenomic mRNAs 3, 4, 5, 6, and 7 for
both the wild-type and recombinant Alb148 and Alb151 RNA
preparations (Fig. 6, left panel). No N gene-hybridizing mate-

rial was detected in mock-infected cellular RNA. mRNA5, -6,
and -7 of wild-type and recombinant viruses were identical in
size and relative molar ratios, as was expected since these
mRNAs are transcribed from IGSs downstream from the site
of the GFP insertion. By contrast, mRNA4 and -3 of Alb148 and
Alb151 migrated at higher molecular weights than the corre-
sponding mRNAs from wild-type virus. This difference in size was
compatible with the size of the inserted GFP gene in Alb148 and
Alb151. The GFP probe detected only those mRNAs containing
the GFP gene, mRNA4(GFP) and mRNA3(GFP) of Alb148 and
Alb151, and no RNA species in wild-type- or mock-infected cells
(Fig. 6, right panel). The genomic mRNA1 was not detected with
either probe, and subgenomic mRNA2(GFP) was only weakly
detected by the GFP probe, most likely because of inefficient
transfer of these very large RNA species during blotting. These
results showed that, in cells infected by the recombinant vi-
ruses, the GFP gene was transcribed as a part of a new, larger
version of subgenomic mRNA4 and of all mRNAs larger than
mRNA4. There was one anomaly in this pattern, however.
Surprisingly, the N probe, but not the GFP probe, also de-
tected a wild-type-size mRNA4 among the RNA species from
both Alb148- and Alb151-infected cells.

Expression of GFP during recombinant virus replication.
Because the mRNA4(GFP) detected in Alb148- and Alb151-
derived RNAs should have been a functionally monocistronic
message for GFP, we sought evidence for GFP expression in
cells infected by these recombinants. Western blot analysis of
infected cell lysates revealed that anti-GFP antibody recog-
nized a protein in Alb148- and Alb151-infected cells that was
absent from wild-type- and mock-infected cells (Fig. 7A). This
protein had the same mobility as determined by SDS-PAGE as
authentic GFP translated in vitro from synthetic pTU65-de-
rived mRNA (Fig. 7). Although the calculated molecular mass
of GFP is 27 kDa, we observed that GFP migrated as a protein
of at least 31 kDa. However, GFP has been previously de-
scribed as having an unusual electrophoretic mobility in SDS-
PAGE analysis and molecular masses of 30 to 31 kDa have
been reported by other investigators (17, 38). GFP, which has
a rigid b-barrel native structure (33), may exhibit various mo-
bilities in SDS-PAGE analysis owing to incomplete denatur-
ation (1). Clearly, our results show that GFP was expressed in

FIG. 7. Analysis of GFP expressed in vivo. (A) Western blot of lysates pre-
pared from mock-, wild-type (wt)-, Alb148-, or Alb151-infected cells and in
vitro-translated protein from rabbit reticulocyte lysates programmed with H2O
(lane 2) or RNA transcribed from pTU65. Samples were separated by SDS-
PAGE in a 14% polyacrylamide gel and probed in a Western blot with anti-GFP
antibody. The blot was visualized by detection of chemiluminescence. (B) Au-
toradiogram (48-h exposure) of a portion of the same blot shown in panel A
following decay of the chemiluminescent signal. Molecular masses (in kilodal-
tons) of marker proteins are indicated.
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MHV-infected cells even though we were unable to directly
detect its fluorescence.

Determination of aberrant leader-body junctions of gene
4-related mRNAs produced by GFP recombinant viruses. As
noted above, the N gene probe detected both mRNA4(GFP)
and an unexpected RNA that was the same size as wild-type
mRNA4 in Northern blot analysis of total cellular RNAs from
Alb148- and Alb151-infected cells (Fig. 6, left panel). These
two mRNAs were present in approximately equivalent
amounts, and each appeared to be less abundant than wild-
type mRNA4. When duplicate samples were hybridized with
the GFP probe, only the mRNA4(GFP) and larger sub-
genomic mRNAs were observed, but not the wild-type-size
mRNA4-like species (Fig. 6, right panel). Since the GFP probe

was derived from the 59 end of the GFP gene, both the size and
the hybridization pattern of the unexpected RNA species sug-
gested that it originated in the 39 half of the GFP gene. Al-
though it is conceivable that the wild-type-size mRNA4-like
species originated from contaminating wild-type virus, this pos-
sibility was definitively excluded by the PCR analysis of the
region flanking the GFP insertion in Alb148 and Alb151, which
yielded only a GFP gene-size fragment (Fig. 3B), and by the
unique reading obtained from direct RNA sequencing of the
genome of purified Alb148 (Fig. 5). Furthermore, we did not
detect an RNA of the same size as wild-type mRNA3 in North-
ern blot analysis of Alb148 and Alb151 with either probe,
which would have been expected if there had been contami-
nating wild-type RNA in the RNAs from these two recombi-

FIG. 8. PCR analysis of gene 4-related mRNAs. (A) Schematic of primers and templates used in PCRs. The locations and the orientations of the primers are
indicated by arrows. (B) RT-PCR products obtained from total RNAs from cells infected with wild-type (wt), Alb148, or Alb151 were analyzed by electrophoresis on
1% agarose stained with ethidium bromide. The RT-PCR products obtained with Alb148 and Alb151 with primer pair PM143 and FF35 are indicated by carets. Sizes
(in base pairs) of relevant marker DNA fragments are indicated to the left of the gel. std, standard markers.
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nants. The possibility of wild-type virus contamination was also
ruled out by the experiments described below.

To investigate the origin of the unexpected mRNA, RT-
PCR was conducted with primer pairs designed to cross the
junctions between the leader and body portions of all mRNA4-
and mRNA4(GFP)-related species. For PCR amplification of
cDNA, the primer PM143, falling at the start of the leader, was
paired with either primer FF34, located within the GFP ORF,
or primer FF35, located near the 39 end of gene 4b (Fig. 8A
and Table 1). The primer pair PM143 and FF34, when used
with RNA from Alb148- or Alb151-infected cells, gave the
predicted RT-PCR product of 403 bp, corresponding to
mRNA4(GFP) (Fig. 8B). As expected, wild-type RNA yielded
no product with this GFP-specific primer pair. The primer pair
PM143 and FF35, in conjunction with RNA from wild-type-
infected cells, gave the predicted RT-PCR product of 438 bp,
corresponding to wild-type mRNA4 (Fig. 8B). The same
primer pair, when used with RNA from Alb148- or Alb151-
infected cells, did not give a wild-type-size PCR fragment, but
at least two other PCR products in the 400- to 500-bp range
were produced (Fig. 8B). We did not detect the larger, 998-bp
fragment that was predicted for the full-length mRNA4(GFP)
with this primer pair, but most likely the smaller 400- to 500-bp
species were preferentially amplified at the expense of this
potential product.

The products of each PCR were cloned in bulk, and the
corresponding leader-body junctions of multiple clones were
sequenced (Table 2). The leader-body junction that was ob-
served for wild-type mRNA4 (8 of 8 clones) was identical to
that previously determined for this junction in MHV-A59 (20).
Moreover, this same leader-body junction, containing 9 nt
common to the leader and the mRNA body, was also seen for
the full-length mRNA4(GFP) produced by both Alb148 and
Alb151 (17 of 17 clones, distributed almost equally between
the two recombinants). Surprisingly, 11 different types of lead-
er-body junctions (Table 2) were revealed upon sequencing of
a total of 52 clones corresponding to the smaller (wild-type-
size) mRNA4(GFP)s produced by Alb148 and Alb151. Of
these 11 aberrant junctions, two were predominant (types a

and b, 23 of 52 clones and 13 of 52 clones, respectively) and
were distributed equally between Alb148 and Alb151. The two
major populations found by cloning appear to correspond to
the two major PCR product bands observed by gel electro-
phoresis (Fig. 8B). The remaining aberrant junctions (16 of 52
clones) were each represented by 1 to 3 clones. For each of the
aberrant junctions, the number of nucleotides common to the
leader and the mRNA body was as few as 1 and was, at most,
5 (Table 2), contrasting markedly with the common regions of
wild-type MHV leader-body junctions, which range between 7
and 18 nt (20, 54).

The genomic localization of the normal and aberrant mRNA
fusion sites found in the gene 4-related mRNAs is summarized
in Fig. 9. We identified 10 aberrant sites in Alb148 and Alb151,
corresponding to the 11 aberrant leader-body junctions de-
scribed above. None of these junctions falls within a consensus
IGS or a recognizable cryptic IGS. Since the multiple aberrant
mRNA fusion sites were contained within a narrow range
equivalent to only 5% of the total size of wild-type mRNA4
(3.7 kb), this explained why the resulting mRNAs appeared to
migrate as a single species in the Northern blot (Fig. 6). Re-
markably, all of the aberrant fusion sites were located within a
205-nt window (between nt 408 and 612 of the GFP ORF), and
the two predominant sites defined an even smaller interval of
73 nt, which encompassed the position that would correspond
to wild-type-size mRNA4. This suggests that the synthesis of
the aberrant mRNA4(GFP) species was IGS independent and
was determined by MHV RNA sequences or structures (of
either RNA or ribonucleoprotein) outside the GFP gene, dis-
tant from the actual fusion sites.

DISCUSSION

In this study we inserted heterologous sequences into the
genome of MHV, replacing portions of the nonessential gene
4 by targeted RNA recombination. We first inserted a 19-nt tag
and, subsequently, an entire reporter gene and flanking se-
quences (777 nt) into the gene 4 region. Both the 4a-tagged
and GFP recombinants grew to high titers and were pheno-

TABLE 2. Leader-body junctions of gene 4 and gene 4 GFP-related mRNAs

Type No. of clones/
total no. of clones Sequence of mRNA leader-body junctiona

Wild-type mRNA4 8/8 59 . . .uaaaacucuuguaguuuaaaucuAAUCUAAACAAUUUAUAGCA. . . 39

Alb148 and Alb151
mRNA4(GFP)

17/17 59 . . .uaaaacucuuguaguuuaaaucuAAUCUAAACAAUUUAUAGCA. . . 39

Alb148 and Alb151
mRNA4(GFP)-related
aberrant transcripts

a 23/52 59 . . .uaaaacucuuguaguuuaaaucuaaUCUUGGACACAAAUUGGAAUACAAC. . . 39
b 13/52 59 . . .uaaaacucuuguaguuuaaaucuAAUCAAAGUUAACUUCAAAAUUAGACACAAC. . . 39
c 1/52 59 . . .uaaaacucuuguaguuuaAAUCAAAGUUAACUUCAAAAUUAGACACAAC. . . 39
d 3/52 59 . . .uaaaacucuuguaguuuaaaucuaaucUUAACUUCAAAAUUAGACACA. . . 39
e 2/52 59 . . .uaaaacucuuguaguuuaaaucuaaucuaAACUUCAAAAUUAGACACAAC. . . 39
f 1/52 59 . . .uaaaacucuuguaguuuaaaucuaaucuAAUUAGACACAACAUUGA. . . 39
g 2/52 59 . . .uaaaacucuuguaguuuaaaucuaaucUAGACACAACAUUGAAGAUGGAAGCGU. . . 39
h 1/52 59 . . .uaaaacucuuguaguuuaaaucuAACUAGCAGACCAUUAUCAACAAAA. . . 39
i 2/52 59 . . .uaaaacucuuguaguuuaaACCAUUAUCAACAAAAUACUCCAAUUGGCG. . . 39
j 2/52 59 . . .uaaaacucuuguaguuuaaaucuaAUCAACAAAAUACUCCAAUUGGCGA. . . 39
k 2/52 59 . . .uaaaacucuuguaguuuaaaucuAAUCUGCCCUUUCGAAAGAUCCCAAC. . . 39

a For each junction, the 59 segment shown in lowercase type, which begins at nt 41 of the MHV-A59 leader, consists of those nucleotides in the mRNA that are unique
to the leader. The central segment, underlined and in boldface type, comprises nucleotides common to both the leader and the mRNA body. The 39 segment following
this section marks the beginning of those nucleotides that are unique to the body of the mRNA.
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typically indistinguishable from the wild type with respect to
growth in tissue culture. To date, these mutants mark the
furthest distance from either terminus of the MHV genome to
which the targeted recombination method has been applied.
The 4a-tagged and GFP recombinants described here were
generated by crossover events that occurred at least 3.3 kb
from the 39 end of the genome, well interior to the sites of
previous mutations targeted 1.6 kb from the 39 end of the
genome (11) or 2.3 kb from the 59 end of the genome (53).
Furthermore, one of the GFP recombinants (Alb151) was the
product of a crossover event more than 6.8 kb from the 39 end
of the genome, as shown by the incorporation of a restriction
site polymorphism close to the start of the S gene (Fig. 3). It is
striking that this crossover event was also more than 6.3 kb
away from the Alb4 deletion in the N gene, the phenotypic
correction of which was used as the selected marker.

Our results show that targeted recombination with a syn-
thetic donor RNA can occur significantly beyond the N gene,
and this suggests that in the future we may be able to generate
mutations of interest in the S gene as well as in the other
structural genes, M and E. The tag inserted into gene 4 can
potentially serve as a marker for an RNA hybridization-based
screening procedure in future work to obtain recombinant
viruses with mutations in genes located in the vicinity of the
tag. By this method, we may be able to screen for low-fre-
quency and temperature-sensitive recombinants, which cannot
be selected by the Alb4 rescue-based procedure used in most
previous targeted recombination. Preliminary results indicate
that Alb129 can, indeed, be specifically identified against a
background of wild-type virus either by plaque hybridization or
by RNA dot blot analysis (data not shown). Furthermore,
viable Alb129 could be recovered from replica filters of those
containing hybridization-positive plaques (data not shown). Ef-
forts to use these techniques for mutant isolation are under
way.

The study reported here demonstrates for the first time that
a foreign gene can be introduced into a coronavirus genome

and be expressed during viral replication. An incidental con-
sequence of this work was the expansion of the genome of
MHV (31,327 nt [2]) to produce what is currently the largest
known RNA virus genome (31,887 nt). MHV thus joins a
catalog of other RNA viruses that have been engineered to
express foreign genes (reviewed in references 3 and 44): pos-
itive-strand RNA viruses (Sindbis virus [39], Semliki Forest
virus [24], and poliovirus [12]), negative-strand RNA viruses
(influenza virus [26], rabies virus [32], vesicular stomatitis virus
[45], and respiratory syncytial virus [6]), and retroviruses (27).
The value of MHV as a recombinant gene expression vector
remains to be established, but some of the properties of this
virus may prove useful. Four MHV genes have been identified
as nonessential for viral replication (25, 46, 55, 57) and, there-
fore, can serve as insertion sites. In addition, the coronavirus
helical nucleocapsid structure may impose fewer packaging
constraints, thereby allowing the incorporation of heterologous
sequences longer than those that can be accommodated by
icosahedrally symmetric nucleocapsids.

Our motivation for choosing the GFP gene for insertion into
MHV was the possibility of using its activity for the identifica-
tion of recombinant viruses. The usefulness of GFP as a
marker protein has been shown in numerous systems (9). Since
its chromophore emits an intense green fluorescence upon
irradiation with long-wave UV light, we hoped to observe GFP
recombinants directly in plaque assays. However, despite re-
peated attempts, we were unable to detect specific fluores-
cence in Alb148- or Alb151-infected cells either by plaque
assay or in culture, using a plate reader or a fluorescence-
activated cell sorter. Nevertheless, we were able to demon-
strate expression of GFP by immunological assay (Fig. 7). A
number of factors probably contributed to the failure to
achieve a level of expression necessary for fluorescence. First,
we used the wild-type GFP gene, which has a much lower
fluorescence intensity than the S65T mutant of GFP (9) and
does not contain the optimal codon distribution for efficient
translation in higher eukaryotes (60). Second, mRNA4 is a

FIG. 9. Summary of normal and aberrant mRNA fusion sites found in gene 4-related mRNAs produced by wild-type (wt) and GFP recombinant viruses Alb148
and Alb151. The schematic representation of portions of the mutant and wild-type viral genomes are aligned at their 39 ends, and consensus IGSs are indicated.
Numbers above and below the GFP insert (hatched rectangle) indicate nucleotide residues in the GFP ORF. Expanded regions show genomic RNA sequence at
initiation sites. Filled arrows point to each mRNA fusion site, defined as the first nucleotide in the genome common to the leader and the body of the mRNA (Table
2). Numbers above these arrows indicate the ratio of PCR clones exhibiting this fusion site to the total number of clones sequenced for each class of transcript. The
open arrowhead indicates the position in Alb148 and Alb151 that would correspond to the fusion site of wild-type-size mRNA4.
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relatively minor species among the subgenomic mRNAs of
MHV (Fig. 6). For this reason, gene 4 may not be the optimum
insertion site for the expression of foreign genes. Third,
mRNA4(GFP) transcription in Alb148 and Alb151 was appar-
ently further reduced by the downstream synthesis of aberrant
mRNA species.

This latter phenomenon has important implications for the
mechanism of transcription in MHV. The incorporation of the
GFP gene into Alb148 and Alb151 altered the spacing of the
gene 4 region with respect to that of the wild-type MHV
genome (Fig. 9). Although these recombinants carried out
synthesis of the expectedly larger mRNA4(GFP), they also
retained a propensity to synthesize a roughly equimolar
amount of mRNA of the same size as wild-type mRNA4. The
leader-body fusion in the larger mRNA4(GFP) was homoge-
neous and was identical to that of wild-type mRNA4. By con-
trast, the leader-body junctions of the aberrant (wild-type-size)
mRNA4(GFP) species were heterogeneous and apparently
random, i.e., independent of any IGS-like motifs.

A number of models have been put forth to explain the
mechanism of formation of the leader-body junctions observed
in coronavirus transcripts (for recent reviews, see references 22
and 54). These models can be divided according to two criteria.
First, leader-body fusion may be brought about by annealing of
a partially synthesized strand to a new part of the template,
followed by resumption of synthesis. Alternatively, transcrip-
tion may be quasi-continuous, with the polymerase copying two
regions of template that have been brought together by pro-
tein-RNA and protein-protein interactions (59). Second, the
fusion event may occur either during positive-strand synthesis
or during negative-strand synthesis. Each model envisions a
role for the IGSs that are found at the 39 end of the leader
RNA and prior to each transcription unit on the genome and
that are then shared by the resulting mRNAs. Depending on
the model under consideration, the IGSs (or their comple-
ments) are either templates for priming by the first part of the
discontinuous subgenomic RNA or else they are polymerase
launch sites (or polymerase landing sites).

The most durable earlier model of coronavirus transcription
postulated that (positive-strand) subgenomic mRNAs were
generated by pausing of the polymerase near the end of the
leader sequence followed by detachment and reattachment to
an internal portion of negative-strand template (21). The latter
event was thought to be mediated by base pairing between the
39 end of the leader and the complement of an IGS, and
consequently, it was predicted that the relative abundance of
the subgenomic mRNAs was determined by the amount of
leader-IGS base pairing at each junction. A number of subse-
quent findings have led to revisions of this picture. Studies with
DI RNAs or other RNA expression constructs containing au-
thentic and mutated IGS elements have led many investigators
to conclude that, beyond a minimum threshold, the extent of
potential base pairing between leader and IGS complement
cannot account for the efficiency of mRNA synthesis (14, 28,
52). Moreover, a recent study with bovine coronavirus has
questioned whether free leader RNA actually exists (8). An
additional puzzle has resulted from the discovery that all sub-
genomic mRNAs have negative-strand, anti-leader-containing
counterparts, leading to the realization that the initial leader-
body fusion event may equally well occur during negative-
strand, rather than positive-strand, RNA synthesis (42, 47, 48).

A common feature of all the models is the critical role
played by the IGSs, either as templates or as the sites recog-
nized by protein factors proposed to mediate the joining of
discontinuous regions of the template (59). In MHV, the con-
sensus core IGS sequence is 59 AAUCUAAAC 39. With few

exceptions (43, 49, 54), this entire motif is found in leader-body
junctions, and all mRNAs produced at a given IGS are iden-
tical or vary only in the number of repeats that they contain of
a multiple 59 UCUAA 39 element that immediately precedes
and partially overlaps the consensus motif in the leader (29). A
similar situation pertains in bovine caronavirus, without the
complexity of the 59 UCUAA 39 repeats (15). The most inten-
sively studied atypical IGS in MHV is that which produces
mRNA2-1 (HE mRNA) in MHV-JHM, 59 UAAACUU 39
(49). The utilization of this IGS has been found to correlate
with the number of 59 UCUAA 39 repeats in the leader RNA:
strain variants of MHV-JHM with two repeats synthesize large
amounts of mRNA2-1, while strains with three repeats express
small amounts (56). Curiously, this relationship can be inverted
for the utilization of other cryptic IGSs in other strains of
MHV (23). Leader repeat copy number, however, does not
seem to bear on the aberrant GFP mRNAs that we have
discovered, since none of the junctions of these had accumu-
lated one or more extra copies of the 59 UCUAA 39 element
(Table 2).

By comparison with previous work, the fusion site hetero-
geneity reported here perhaps most resembles that seen by
Zhang and Lai (58), who examined mRNAs produced by a DI
RNA containing either an orthodox IGS or the atypical IGS of
mRNA2-1 of MHV-JHM placed upstream of a reporter gene.
A broad spectrum of fusion sites was found to result from
certain combinations of helper virus and DI leader elements,
the latter varying in the number of 59 UCUAA 39 repeats and
in the presence or absence of a 9-nt sequence element imme-
diately downstream of the leader. In the most extreme cases,
fusion junctions contained base substitutions, partial duplica-
tions of leader, small deletions, or insertions of either tem-
plated or apparently nontemplated sequences. However, the
anomalous fusion sites observed by these investigators, too,
were correlated with variant leader RNA composition and all
fusions occurred within, or adjacent to, authentic IGS motifs.

The aberrant leader-body fusion sites that we have analyzed
in the gene 4-GFP recombinants differ critically from those in
previous reports in at least four respects (Fig. 9). First, there
were 10 distinct sites of fusion within a relatively narrow win-
dow. Second, these were quite distant (at least 495 nt down-
stream or at least 238 nt upstream) from the nearest authentic
IGS. Third, the junctions in mRNAs produced from the au-
thentic IGS upstream of the GFP gene were found to be
canonical and homogeneous. Fourth, there were no identifi-
able cryptic IGSs at or near the aberrant sites of fusion in the
GFP gene, and we contend that transcription from this region
was IGS independent. Since cryptic IGSs are always defined
post hoc (23, 43, 49, 56), it is not possible to completely dis-
prove their existence at the aberrant fusion sites. However, for
the two predominant aberrant mRNAs, there was little con-
vincing homology between the leader RNA and either genomic
fusion site (Fig. 10B) compared with that of the wild-type
mRNA4 (Fig. 10A). Moreover, there were multiple loci in the
GFP gene that did not serve as fusion sites but had homology
to the leader sequence that was at least as good as that of the
two predominant aberrant sites. Four examples of these are
shown in Fig. 10C.

We are left to conclude, then, that long-range RNA or
ribonucleoprotein interactions, which must be mediated by
higher orders of structure, contribute strongly to the formation
of the template for discontinuous transcription and that at
least in the case shown here, they can be the major or sole
determinant of the sites of leader-body fusion. A recent study
has proposed that sequences flanking the IGS can influence
the efficiency of MHV DI RNA transcription (18), but the
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effects reported were all suppressing and occurred in DI RNAs
with extensive rearrangements relative to the genomic context
of the same elements. By contrast, our results document a
novel aspect of transcription that must occur over a greater
distance and which has a dominant activating effect. It remains
to be seen whether this property is a peculiarity of gene 4 of
MHV or if it extends to all coronavirus transcriptional units.
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